Depositional units preserved on coastal plains worldwide control lithologic distribution in the shallow subsurface that is critical to infrastructure design and construction, and are also an important repository of information about the large-scale climate change that has occurred during many Quaternary glacialinterglacial cycles. The lateral and vertical lithologic and stratigraphic complexity of these depositional units and their response to climatic and sea-level change are poorly understood, making it difficult to predict lithologic distribution and to place historical and future climate and sea-level change within a natural geologic context. Mapping Quaternary siliciclastic depositional units on low-relief coastal plains traditionally has been based on their expression in aerial photographs and low-resolution topographic maps. Accuracy and detail have been hindered by low relief and lack of exposure. High-resolution airborne lidar surveys, along with surface and borehole geophysical measurements, are being used to identify subtle lateral and vertical boundaries of lithologic units on the Texas Coastal Plain within Quaternary strata. Ground and borehole conductivity measurements discriminate sandy barrier island and fluvial and deltaic channel deposits from muddy floodplain, delta-plain, and estuarine deposits. Borehole conductivity and natural gamma logs similarly distinguish distinct lithologic units in the subsurface and identify erosional unconformities that likely separate units deposited during different glacial-interglacial stages. High-resolution digital elevation models obtained from airborne lidar surveys reveal previously unrecognized topographic detail that aids identification of surface features such as sandy channels, clay-rich interchannel deposits, and accretionary features on Pleistocene barrier islands. An optimal approach to identify lithologic and stratigraphic distribution in low-relief coastal-plain environments employs ① an initial lidar survey to produce a detailed elevation model; ② selective surface sampling and geophysical measurements based on preliminary mapping derived from lidar data and aerial imagery; and ③ borehole sampling, logging, and analysis at key sites selected after lidar and surface measurements are complete.
Introduction
Broad, low-elevation, and low-relief plains composed of complex assemblages of Quaternary siliciclastic sediments (dominantly sand, silt, clay, and gravel) are common along the passive oceanic margins of all continents. These unconsolidated to semiconsolidated sediments, which are the depositional record of terrestrial and marine sedimentary processes active during multiple glacial and interglacial climatic cycles of the Quaternary period, serve as the natural foundation for the infrastructure of thousands of coastal cities, smaller communities, and other coastal industrial, residential, and recreational facilities. It is thus important from an engineering as well as a geological perspective to better characterize the lithology and spatial distribution of these siliciclastic strata in the shallow subsurface in order to enable improved siting and design of engineered structures and to document the response of coastal depositional systems to large-scale changes in sea level associated with past climate change. Lessons learned from coastal response to past climatic change can inform possible geologic response to future change.
We are employing airborne lidar surveying to produce highresolution digital elevation models (DEMs) of a low-relief coastal plain in order to enable the identification of subtle topographic expressions of lithologic change that are associated with sandy paleochannels, muddy overbank and delta-plain deposits, and sandy and muddy deposits of Pleistocene barrier islands and associated bays and lagoons. Depositional environments and lithologies inferred from DEMs and imagery can be confirmed and further delineated laterally using ground-surface measurements of electrical conductivity, because electrical conductivity is strongly correlated to clay content [1] . Depths and thicknesses of major lithologic units can be estimated from electrical conductivity data acquired using time-domain electromagnetic induction (TDEM) measurements at the ground surface, and can be further subdivided where necessary with borehole geophysical logs. Two useful borehole tools are ① electromagnetic induction (EM), which can be used to measure the electrical conductivity of subsurface strata in open or plastic tubing-cased boreholes and water wells, and ② natural gamma ray activity, which increases with clay content in most siliciclastic environments. We applied this approach on the central Texas Coastal Plain, which is part of a passive continental margin along the northwestern Gulf of Mexico ( Fig. 1) [2]. This approach is applicable to similar siliciclastic coastal plains worldwide.
The Texas Coastal Plain is underlain by a complex assemblage of fluvial, deltaic, estuarine, and marine-influenced deposits that make up two principal Pleistocene formations ( Fig. 1) : the younger Beaumont Formation and the older Lissie Formation [3] [4] [5] [6] [7] [8] [9] [10] [11] . These two formations record depositional, erosional, and weathering events associated with more than 20 full or partial glacialinterglacial cycles that are recorded in ice and sediment cores worldwide, as mentioned in Refs. [12] [13] [14] [15] [16] [17] . Surface, borehole, and geophysical data from diverse sources suggest that the strata within these two formations represent multiple episodes of deposition, erosion, and soil formation.
Much of the original mapping of geological units on the Texas Coastal Plain was based on the interpretation of early aerial photographs, agricultural usage, low-resolution (1.5 m contour interval) topographic maps, and limited exposures in stream valleys and along bay shorelines. In this paper, we employ ① high-resolution topography as determined from an airborne lidar instrument (elevations accurate to a few centimeters) to map the subtle topographic expressions of Quaternary depositional and erosional features; ② ground-based electrical conductivity measurements to distinguish and delineate the lateral and vertical extent of sand-rich and clay-rich depositional units at and near the surface; and ③ subsurface sampling and borehole-based gamma ray activity and electrical conductivity measurements to determine vertical lithologic boundaries, erosional unconformities, and buried soil horizons that are generally below the resolution of surface and airborne geophysical approaches. We are using these data to produce geologic maps of the coastal plain; to determine the depth, thickness, and character of near-surface lithologic units; and, eventually, to better understand the relationship between depositional units, unconformities, and soil horizons within the Quaternary strata and the numerous climatic and sea-level cycles that occurred during their deposition. This paper focuses on recent work on the central Texas coast in the Corpus Christi Bay, Copano Bay, San Antonio Bay, and Matagorda Bay areas ( Figs. 1 and 2 ).
Methods
We combined high-resolution topographic data acquired using an airborne lidar instrument, surface and borehole geophysical measurements, and select surface and borehole sediment samples to help delineate the lateral and vertical extent of Quaternary lithologic units on the central Texas Coastal Plain. Airborne lidar data were acquired between 2013 and 2016 in the Copano Bay area, the San Antonio Bay area, and the Matagorda Bay area using a Chiroptera airborne lidar instrument (Airborne Hydrography AB, Jönköping, Sweden) operating at a laser pulse rate of 100-200 kHz and a flight height of 440-1000 m [18] . Global positioning system (GPS) data from survey-area base stations were combined with aircraft-based GPS and inertial navigation-system data to produce highly accurate instrument trajectories that, when combined with laser orientation and travel-time information, allowed the determination of absolute surface reflection positions that were accurate to within a few centimeters. Laser returns were binned to produce a high-resolution DEM of the area using a 1 m Â 1 m cell size.
We used frequency-domain electromagnetic induction (FDEM) and TDEM methods to measure apparent conductivity from the ground surface to depths of 100 m or more in the study area. FDEM methods employ a changing primary magnetic field created around a transmitter coil to induce current to flow in the ground or in the annulus around a borehole, which in turn creates a secondary magnetic field that is sensed by the receiver coil [19] [20] [21] . The strength of the secondary field is a complex function of EM frequency and ground conductivity [22] , but generally increases with ground conductivity at constant frequency. TDEM devices measure the decay of a transient, secondary magnetic field produced by eddy currents that are induced to flow in the ground by the termination of a primary electric current flowing in a transmitter loop [23, 24] . The secondary field strength is measured by the receiver coil at discrete time intervals following transmitter current termination. In horizontally layered media, secondary field strength at early times gives information on conductivity in the shallow subsurface; field strength at later times is influenced by conductivity at depth.
Ground-based apparent conductivity measurements were acquired on the central Texas Coastal Plain (Fig. 2) using Geonics EM38 (366 sites) and EM31 (421 sites) ground conductivity meters in horizontal and vertical dipole orientations. These FDEM instruments measure apparent conductivity from the surface to depths that depend on the primary frequency of the transmitter, the transmitter and receiver coil separation distance, and the conductivity of the ground [22] . The EM38 operates at a primary frequency of 14 600 Hz with a transmitter and receiver coil separation of 1.0 m. Exploration depth for the EM38 is about 0.7 m in horizontal dipole orientation and about 1.5 m in vertical dipole orientation. The EM31 operates at a primary frequency of 9800 Hz with a transmitter and receiver coil separation of 3.7 m. Exploration depth is 3 m or less in horizontal dipole mode and 6 m or less in vertical dipole mode. Together, these instruments are adequate to measure the electrical conductivity (and, by proxy, to provide a measure of clay content) of most surficial lithologic units identified through their expression on high-resolution DEMs and imagery.
TDEM data were acquired at 23 sites on the coastal plain ( Fig. 2) . At three sites, we acquired TDEM data using a terraTEM instrument (Monex GeoScope Pty Ltd., The Basin, VIC, Australia) with a 40 m Â 40 m transmitter and receiver loop, 3-8 A transmitter current, and turnoff times ranging from about 14 to 27 ls. At the remainder of the sites, we acquired data using a WalkTEM instrument (ABEM Instrument AB, Sundbyberg, Sweden) using either a square 40 m Â 40 m transmitter loop or a circular transmitter loop with a 25.5 m radius. The circular loop is preferred because it is easier to deploy and gives a 25% larger dipole moment for the same transmitter current and loop length, potentially yielding greater signal-to-noise ratio and exploration depth. The WalkTEM instrument has the capability to record transient signals generated during a high-moment transmitter pulse (about 8 A transmitter current) to maximize exploration depth, and a lowmoment transmitter pulse (about 1 A transmitter current) to maximize resolution in the shallow subsurface. These data are acquired simultaneously and are jointly inverted to produce layered or smooth conductivity models that fit the observed transient decays generally within one or two percent of what the modeled response would be. TDEM data were used to determine generalized subsurface conductivity profiles to depths of 100 m or more, which allowed estimation of sandy and clayey unit thicknesses and depths.
Direct observation of the shallow subsurface was achieved by drilling and sampling new boreholes and geophysically logging new boreholes and older water wells. Four boreholes were drilled to depths of about 30 m in the Nueces River valley upstream from Corpus Christi Bay (Fig. 2) to examine lithologic characteristics and the relationship among sediment texture, as measured in the laboratory, and in situ geophysically logged parameters including gamma ray activity and apparent conductivity. Sediment was described and sampled during drilling at about 1.5 m intervals using a split-spoon sampler. Upon reaching total depth, the boreholes were temporarily cased using polyvinyl chloride (PVC) pipe and logged using spectral gamma and induction tools (2SNA-1000-S and 2PIA-1000; Mount Sopris Instruments Inc., Denver, CO, USA) that measured gamma ray activity and apparent conductivity at intervals of 5 cm in the boreholes. Fifteen older water wells have been logged on the coastal plain using the gamma and induction tools. These logs were acquired in PVC-cased water wells that were 32-92 m deep. Neither sediment samples nor lithologic descriptions were available for these wells, but the gamma and conductivity logs provided detailed, site-specific data on the vertical distribution of sands, clays, and mixed siliciclastic units for comparison with conductivity profiles derived from TDEM data. We acquired surface and borehole sediment samples in the study area for textural analysis and comparison with surfaceand borehole-based geophysical measurements. In the laboratory, a representative fraction (0.2-0.5 g) was taken from each sample and placed in a tube. Sediments were dispersed by adding 5% sodium hexametaphosphate solution, shaken for 24-48 h, and passed through a 2 mm (#10) sieve. The particle-size distribution of the passing suspension was determined by laser light diffraction using a Mastersizer 3000 (Malvern Instruments Ltd., Malvern, UK) laser particle-size analyzer, cycling through the measurement five times to improve size-distribution statistics.
3. Relationship among sediment texture, gamma ray activity, and conductivity
Data from the four boreholes drilled across the Nueces River valley upstream from Corpus Christi Bay (Fig. 2) illustrate the complementary nature of geophysical measurements and direct geological observations. In borehole ND-06, which was drilled to a depth of about 30 m on the floor of the Holocene Nueces River delta at a surface elevation of 1.5 m above mean sea level (msl), it is evident that the gamma log ( Fig. 3(a) ) correlates quite well qualitatively with the clay content in borehole samples acquired at 1.5 m intervals ( Fig. 3(b) ). High gamma counts (20 countsÁs À1 or higher) correspond to high clay contents, suggesting that the gamma log is a reliable proxy for clay content and can be used to distinguish sand-rich and clay-rich units. In this example, unit thicknesses determined from the gamma log range from 1 m or thinner to greater than 5 m, showing both abrupt lithologic boundaries and gradational ones.
The conductivity log ( Fig. 3(c) ) has a character similar to the gamma log and textural trends in the upper 15 m; higher conductivities in the upper half of the log correlate with higher gamma counts and higher clay content. Below 15 m depth, apparent conductivity decreases significantly and does not correlate well with gamma or textural trends. The most likely interpretation is that the upper part of the conductivity log is influenced by highly saline pore water at a nearly constant concentration. At depths greater than about 17 m, pore-water salinity progressively diminishes with depth; the concentration reduction dominates the conductivity response in these water-saturated strata. It is evident from this example that there are limitations to using conductivity measurements exclusively to develop an accurate subsurface lithologic framework, particularly in areas having high-salinity pore water.
The relationship between sediment texture and geophysical log response can be evaluated to a limited degree by directly comparing sediment texture determined from borehole samples to in situ geophysical measurements of gamma ray activity and apparent conductivity recorded using
From the four boreholes that were both sampled and logged, we acquired 92 samples that were available for comparison with geophysical measurements. Of these, 88 samples had both textural analyses and gamma ray activity measurements at similar depths. Because of the length of the borehole tools, four samples were acquired at depths greater than the depth logged by the borehole instruments and could not be compared to geophysical measurements. The general similarity of patterns between the textural measurements and the gamma logs of an individual borehole (e.g., Fig. 3 ) suggests that gamma ray activity increases with clay content; however, when samples and logs from all four boreholes are combined, the relationship is weaker than expected (coefficient of determination R 2 = 0.22, Fig. 4 ). Possible reasons for this include ① depth mismatches between sample depths and borehole log depths, ② lateral and vertical sediment heterogeneity, and ③ incomplete disaggregation of clay in the sediment samples during textural analysis. In these boreholes, the continuous gamma log is a better indicator of vertical change in clay content than the textural data from limited borehole samples.
Textural and geophysical log data from borehole ND-06 (Fig. 3) show a relationship between apparent conductivity and clay content over only the upper part of the borehole. At greater depths, change in pore-water salinity more strongly influences apparent conductivity than does textural change. Most apparent conductivity measurements taken at the ground surface on the coastal plain sense strata that are above the water-saturated zone, where Fig. 3. (a) Gamma ray activity, (b) clay content, and (c) apparent conductivity from borehole ND-06 on the Nueces River delta upstream from Corpus Christi Bay (Fig. 2) . textural and mineralogical changes more strongly influence conduction of electrical currents [25] . To examine this relationship, we compared borehole apparent conductivity measurements with laboratory-measured clay content from samples from the boreholes at depths above the water-saturated zone, principally from the two boreholes situated on the upland adjacent to the Nueces River valley. This restriction yielded 28 samples for comparison with conductivity log response. The relationship between clay content and apparent conductivity measured in situ at approximately equivalent depths is stronger (coefficient of determination R 2 = 0.84, Fig. 5 ) than that between gamma ray activity and clay content, suggesting that measurements of apparent conductivity can serve as a reasonable proxy for clay content where water saturation of sediment and pore-water salinity are low, or perhaps reasonably constant throughout the logged depth range.
Geomorphology and surficial lithologic distribution from high-resolution DEM
To illustrate the approach to mapping distinct lithologic units and determining lithologic properties and lateral and vertical distribution, we show data from an area encompassing two 7.5 min quadrangles on the western margin of Copano Bay on the central Texas coast (Figs. 2 and 6 ). We used data from a 2014 airborne lidar survey of the Copano Bay area to produce a highresolution DEM (Fig. 6 ) that we then used to examine subtle topographic features and guide the placement of boundaries between distinct lithologic units of the Beaumont Formation (sandy paleochannel features with subtle positive relief and mud-rich overbank or interchannel deposits in intervening topographic lows).
Lidar-derived elevations range from near sea level to about 18 m msl in the study area. In general, the land surface slopes toward the Gulf of Mexico to the southeast. Pleistocene Beaumont Formation muddy and sandy deposits occupy the higher elevations in the study area. This upland surface is incised by valleys cut by rivers such as the Mission River, which has built a Holocene delta in Mission Bay, and the Aransas River, which has built a Holocene delta in its valley at the western edge of Copano Bay (Fig. 6) .
Prominent, elongated local highs (labeled H1 through H6 in Fig. 6 ) enter the study area from the north, west, and southwest. These highs on the uplands generally correlate with previously mapped sandy paleochannel facies in the Beaumont Formation. Their topographic expression revealed from lidar allows these features to be more accurately mapped and verified by subsequent sampling and geophysical measurements (Fig. 7) [26, 27] . Other significant features can be seen in the high-resolution topographic data. A curvilinear, coast-parallel scarp (labeled ''S" in Fig. 6 ) extends from the Pleistocene upland north of Mission Bay through the Mission River delta in the Holocene valley, marking the likely position of a previously unrecognized fault with probable recent movement. Sharp topographic boundaries on the southeast margin of a locally high feature in the southwest part of the map (H6, Fig. 6 ) may represent a former bay margin associated with the Pleistocene (Ingleside) barrier-island complex that likely formed Fig. 5 . Relationship between clay content (determined from borehole samples) and apparent conductivity (from geophysical logs) from depths above the watersaturation zone in two boreholes on the Pleistocene surface adjacent to the Nueces River valley (Fig. 2) . Relationship between clay content (determined from borehole samples) and gamma ray activity (from geophysical logs) from two boreholes on the floor of the Nueces River valley and two boreholes on the Pleistocene surface adjacent to the valley (Fig. 2) .
during the most recent full interglacial period (oxygen-isotope stage 5) at about 100 ka [28] [29] [30] [31] .
Lithology from surface geophysics
Preliminary geologic mapping accomplished through interpretation of DEMs and aerial photographs can be verified and refined with surface geophysical measurements. We acquired ground conductivity measurements using an EM31 instrument at 83 sites within the study area and augmented those shallow-focused measurements with deeper TDEM soundings at three locations (Fig. 7) . We used the ground conductivity measurements as a proxy for sand or clay content; higher conductivities were interpreted to be associated with clay-rich Pleistocene interchannel or overbank deposits (Qbc, Fig. 7) , whereas low conductivities tended to occur on the subtle topographic highs where we mapped sandier Pleistocene paleochannel deposits (Qbs, Figs. 7 and 8 ). Low conductivities were also measured in the southeast corner of the study area, where the sandrich deposits associated with the Pleistocene barrier-island complex (Qbi, Figs. 7 and 8 ) extend into the map area.
Horizontal and vertical dipole apparent conductivity measurements made using an EM31, while useful for distinguishing distinct surficial lithologic units and determining boundaries between them, provide little information about the depth and thickness of these units. Conductivity profiles determined from TDEM soundings can be used to estimate the thickness of surficial units, and perhaps the lithology and depths of underlying units, to depths of 100 m or more. The TDEM sounding BAY02, located on the Pleistocene barrier island, recorded a transient response to 2 ms after turnoff and yielded a four-layer model with a low fitting error of 1.6% root mean square (RMS) (Fig. 9) . At this site, a lowconductivity (79 mSÁm À1 ) layer extends from 3 to 31 m below the surface, likely representing the dominantly sandy barrierisland complex. At TDEM site BAY01 (Fig. 7) , near the margin of an interpreted sandy paleochannel within the Beaumont Formation, a three-layer conductivity model yielded a fitting error of 1.4% RMS (Fig. 9) . Here, a 2.4 m thick, relatively resistive (41 mSÁm 
Vertical boundaries from borehole geophysics and sampling
Borehole samples, measurements, and direct observations provide a more detailed view of the subsurface and reveal critical geologic information, such as the presence of buried soil horizons that cannot be obtained from topographic, remote-sensing, or geophysical measurements. A cross-section constructed from geophysical logs and data from sediment samples from the four Nueces River valley boreholes (Figs. 2 and 10 ) reveals geologic complexity that reflects the influence of multiple periods of deposition, erosion, and soil formation that we expect to encounter in Quaternary coastal plain deposits in general, and in the Beaumont Formation and Lissie Formation on the lower Texas Coastal Plain in particular. The section is constructed from the upland (Beaumont Formation) south of the valley (borehole ND-05) through two boreholes (ND-07 and ND-06) on the Nueces River delta on the valley floor, and ) electrical conductivity measurements acquired using a Geonics EM31 in vertical dipole orientation. terminates on a mid-elevation fluvial terrace on the north side of the Nueces River valley (borehole ND-01). Each gamma log shows variations in count rates that are correlated to variations in clay content (similar to ND-06, Fig. 3 ). Sample descriptions from the boreholes include color, texture, and accessory information such as the presence of shell, carbonate nodules indicative of buried soil horizons, and soil slickensides indicative of vertisol development in clay-rich strata.
Using a combination of geophysical log character (gamma counts and conductivity), soil descriptions, and laboratorymeasured textural information, the borehole data are interpreted to show that Pleistocene deposits border and underlie more recent deposits that partly fill the Nueces River valley. Holocene fluvial, deltaic, and estuarine (shell-bearing) deposits (Qal, Fig. 10 (Fig. 7) . At left are the apparent resistivities observed during the decay of the transient signal (individual points) and the transient decay predicted from the resistivity model shown at right (solid lines). The RMS values represent the percent difference between the observed and modeled values. The resistivity models on the right are also presented in conductivity units and are annotated with lithologic interpretations. erosion and weathering. Only one of these boundaries (Qb 1 to Qb 2 , Fig. 10 ) is evident from the geophysical log alone, which detects the lithologic change but not soil development.
On the north side of the valley, a sandy fluvial terrace about 7 m thick (Qt, Fig. 10 ) overlies older deposits that are interpreted to be part of the Beaumont Formation. It appears that the soil horizon atop the Beaumont Formation has been eroded, but a second soil horizon occurs at a depth of about 18 m. Buried soil horizons within the Beaumont Formation are also evident from borehole samples beneath the Holocene valley fill on the floor of the valley, where three distinct pedogenic carbonate nodule zones occur in borehole ND-06, and two occur in ND-07. Some of these features correspond with lithologic boundaries that could be interpreted from gamma or conductivity logs (Qal to Qb 3 in ND-06, Qal to Qb 4 in ND-07, and Qb 4 to Qb 5 in both, Fig. 10 ), but others are not clearly interpretable from geophysical data alone.
Taken together, and assuming lateral equivalence of strata across the Nueces River valley, there is evidence for as many as seven distinct Quaternary geologic units at depths of 0-30 m and between elevations of 20 and À25 m msl. These include the Holocene fluvial, deltaic, and estuarine deposits (Qal) that partly fill the valley, the elevated fluvial terrace sands (Qt) on the northern side of the valley, and the five units (Qb 1 -Qb 5 ) separated by soil horizons and unconformities within the underlying Beaumont Formation (Fig. 10) .
Conclusions
Advances in airborne lidar and geophysical instrumentation present an opportunity to better understand the lithologic and geologic complexity and heterogeneity present on the low-relief siliciclastic coastal plains that are common on passive continental margins worldwide. Using an example from the Texas Coastal Plain, high-resolution DEMs, aerial photographs, and surface geophysical measurements helped to delineate the boundaries of surficial geologic units and provided a general lithologic framework for subsurface units. Borehole geophysical data provided more detailed information on subsurface lithologic units, but did not detect important intraformational lithologic and pedologic boundaries that may correlate with major climatic and sea-level fluctuations that have occurred during the Quaternary period. These important boundaries can be inferred from geophysical log relationships and confirmed by judicious drilling and subsurface sampling. The overall approach to lithologic discrimination employs ① airborne lidar to produce high-resolution DEMs that can detect subtle topographic signatures of Quaternary depositional and erosional features; ② surface geophysical measurements to identify dominant lithology, distinguish surficial geologic units, and estimate the depths, thicknesses, and lithologies of subsurface units; ③ borehole geophysical measurements to establish the character and detailed lithologic framework of subsurface units; and ④ direct geological observation of subsurface samples to identify key erosional and pedogenic features. These methods are being used to gain a more complete understanding of the spatial distribution of the near-surface lithologic units that constitute the natural foundation for coastal-plain land use and infrastructure development, and of the relationship between Quaternary climatic and sea-level cycles and the depositional record on the Texas Coastal Plain. This approach is equally applicable to similar siliciclastic coastal plains found on passive continental margins worldwide.
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